Abstract. Anticoagulant therapy is prescribed to millions of patients worldwide for the prevention and treatment of venous thrombosis. Evidence has indicated that edoxaban is a potential drug of oral anticoagulant in the acute treatment of venous thromboembolism. Hydrogen sulfide and homocysteine plasma concentration are indicators of cardiovascular and neurovascular disease risk factors that have attracted considerable attention for regulation of vascular health and homeostasis. However, the molecular mechanism of edoxaban-mediated differences of hydrogen sulfide and homocysteine has not been investigated in the progression of venous thrombosis. In the present study, the authors analyzed the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway in the vein endothelial cells and expression levels of hydrogen sulfide and homocysteine. Homocysteine-hydrogen sulfide metabolism through transsulfuration and that transsulfuration capacity and hydrogen sulfide availability have been investigated both in vitro and in vivo following treatment with edoxaban. Matrix metalloproteinase (MMP) activation and cystathionine β-synthase (CBS) and cystathionine γ-lyase (CGL) levels were studied in a cell model and rat model of vein thrombosis prior and post treatment of edoxaban. The therapeutic effects of edoxaban for rats with vein thrombosis were determined by clinical diagnose scores. The results demonstrated that edoxaban increased expression levels of hydrogen sulfide and homocysteine in microvascular endothelial cells. It was observed that the transsulfuration enzymes, CBS and CGL levels were upregulated in murine microvascular endothelial cells. The MMP-9 expression level and activity and homocysteine-hydrogen sulfide metabolism were increased in murine microvascular endothelial cells following edoxaban treatment. In addition, CBS and CGL activities were upregulated in murine microvascular endothelial cells and a rat model of venous thrombosis following treatment with edoxaban. Furthermore, it was observed that edoxaban increased PI3K and AKT expression both in vitro and in vivo. In addition, edoxaban significantly improved endothelial injury and inhibited thrombosis factors expression in rat model of venous thrombosis. In conclusion, these findings suggested that edoxaban can improve venous thrombosis by decreasing hydrogen sulfide and homocysteine through the PI3K/AKT signaling pathway.
Introduction
Venous thromboembolism is a severe life-threatening disease that comprises deep vein thrombosis and pulmonary embolism that significantly affects the life quality of patients with venous thrombosis (1, 2) . Venous thrombosis is the most common disorder disease, which associates with various molecular mechanisms and diverse processes (3) . A previous study indicated that anticoagulation treatments are the most common used and efficient drugs for the prevention and treatment adults and children undergone catheter-related thrombosis in clinical (4) . Many factors can induce the pathology of venous thromboembolism main including vascular endothelial cell injury, blood flow state changes and the increase of blood clotting, which can easily cause venous thrombosis (5) . Importantly, venous thromboembolism can lead to a large number diseases, such as pulmonary embolism, neurologic diseases and skin disease (6) (7) (8) . Previously, changes in hydrogen sulfide and homocysteine expression levels lead to significant clinical directive significance for the patients with vein thrombosis (9, 10) .
Currently, hydrogen sulfide can impact function of platelets that is enzymatically generated by platelets (11) . Evidence has suggested that platelets serve important roles in hemostasis and thrombosis via circulating blood elements through activated by various stimuli (12) . Hydrogen sulfide from slow-release compounds inhibits aggregation and exerts anti-thrombotic effects of platelets to in vivo (13) . Theoretically, hydrogen sulfide acts as a potentially negative regulator of thrombosis through regulation of platelet activation (14) . Research has also indicated that hydrogen sulfide is identified as an indicator of physiology of venous thromboembolism, myocardial infarction and stroke (15) . In addition, the association of cystathionine γ-lyase (CGL) enzyme can be used to evaluate the risk of retinal vein thrombosis (16) . Moreover, a previous study suggested that hydrogen sulfide generation in the endothelium may be a potential target for the treatment of arterial thrombosis (17) . Therefore, the authors assumed that hydrogen sulfide generation may contribute to underlying the pathological characteristics of vein thrombosis. The functions of hemostasis as an independent risk factor for venous thrombosis still remain controversial. Previous studies have presented the relationships between homocysteine and deep vein thrombosis (18, 19) . The correlation of homocysteine and vascular thrombosis disease has been investigated in several clinical studies that demonstrated an increasing plasma total homocysteine (20, 21) . Ravari et al (22) indicated that serum homocysteine in deep venous thrombosis is higher than in healthy volunteers. Potential mechanisms of homocysteine-mediated thrombosis and angiostasis in vascular pathobiology have been reviewed in a previous study (23) . Therefore, a large number of drug targets for the regulation of homocysteine plasma concentration and its regulatory enzyme were put forward to improve the treatment of pathological characteristics of vein thrombosis.
Edoxaban improves venous thrombosis via increasing hydrogen sulfide and homocysteine in rat model
In the present study, the authors investigated the efficacies and molecular mechanism of edoxaban-mediated differentiation changes of hydrogen sulfide and homocysteine in vein endothelial cells and in rats with venous thrombosis. The data suggested that edoxaban can significantly improve pathological characteristics of venous thrombosis by decreasing hydrogen sulfide and homocysteine through the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway. These findings indicated that edoxaban may be a potential anti-thrombosis drug for the treatment of venous thrombosis.
Materials and methods
Ethics statement. The rat experiments were implemented legitimately according to the Guide for the Care and Use of Laboratory Animals, and were approved by the People's Hospital of Xinjiang Uygur Autonomous Region (Urumqi, China). All patients were recruited voluntarily and signed an agreement in a written form. All surgical operations and euthanasia were made to minimize suffering.
Cells culture and reagents. Vein endothelial cells (VECs) were isolated from Sprague-Dawley rats (n=40; male; age, 12 months; weight, 250-300 g) with ferric chloride-induced liver fibrosis. VECs were cultured in Dulbecco's modified Eagle's medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supplemented with 10% FBS (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). All cells were cultured in a 37˚C humidified atmosphere of 5% CO 2 .
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA from VECs was extracted using RNAeasy Mini kit (Qiagen GmbH, Hilden, Germany). A total of 1 µg total RNA was used to synthesize cDNA by performing the SuperScript II First-Strand Synthesis system (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Gene expression levels were measured by RT-qPCR. All the forward and reverse primers were synthesized by Invitrogen; Thermo Fisher Scientific, Inc. All mRNA was quantified by using Power SYBR Green Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). Primers were designed as follows: Hydrogen sulfide, forward, 5'-CAA AGG TGG ATC AGA TTC AAG-3' and reverse, 5'-GGT GAG CAT TAT CAC CCA GAA-3'; homocysteine, forward, 5'-CAA AGG TGG ATC AGA TTC AAG-3' and reverse, 5'-GGT GAG CAT TAT CAC CCA GAA-3'; β-actin, forward, 5'-CAA AGG TGG ATC AGA TTC AAG-3' and reverse, 5'-GGT GAG CAT TAT CAC CCA GAA-3'. The PCR thermocycling conditions were as follows: 95˚C for 5 min, then 35 cycles of 95˚C for 20 sec, 58˚C for 20 sec and 72˚C for 20 sec, and a final extension at 72˚C for 5 min. β-actin was used as the internal reference gene. Relative mRNA expression levels were calculated by 2 -ΔΔCq (24) . The results analyzed in triplicate according to the 2 -ΔΔCq method as the n-fold way compared to control.
Western blotting. Vein endothelial cells were isolated from experimental mice and homogenized in lysate buffer containing protease-inhibitor and were centrifuged at 7,104 x g at 4˚C for 10 min. The supernatant of mixture was used for analysis of purpose protein. Proteins were extracted using NP40 lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) and quantified using the standard bicinchoninic acid method (Thermo Fisher Scientific, Inc.). SDS-PAGE assays were performed as previously described (25) . For western blotting, primary antibodies against cystathionine β-synthase (CBS; 1:1,000; cat no. ab96252), CGL (1:1,000; cat no. ab131052), E26 transformation-specific (ETS; 1:1,000; cat no. ab26096), PI3K (1:1,000; cat no. ab74136), AKT (1:1,000; cat no. ab38449), phospho-AKT (1:1,000; cat no. ab8805), matrix metalloproteinase-9 (MMP-9; 1:5,000; cat no. ab38898) (all from Abcam, Cambridge, UK), ADP-dependent glucokinase precursor (1:1,000; cat no. ABP56684; Abbkine Scientific Co., Ltd., Wuhan, China), plasminogen activator inhibitors (PAIs; 1:1,000; cat no. ab169550), von Willebrand factor (vWf; 1:500; cat no. ab6994), thromboxane-A2 (TH-A2; 1:1,000; cat no. ab137607) and β-actin (1:1,000; cat no. ab8226) (all from Abcam) were added after blocking (5% skimmed milk) for 1 h at 37˚C and then incubated with horseradish peroxidase-conjugated rabbit anti-rat IgG secondary antibodies (1:1,000; cat no. ab6734; Abcam) for 24 h at 4˚C. The results were visualized using the ChemiDoc XRS system with Quantity One software v2.9 (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Protein expression was analyzed using BandScan 5.0 software (Glyko, Inc., Novato, CA, USA) and all experiments were repeated at least three times.
Animals study. The Sprague-Dawley male rats (n=40; male; age, 12 months; weight, 250-300 g) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Shanghai, China). All mice were free to access food and water, and housed with a 12 h light-dark artificial cycle. To develop venous thrombosis, ferric chloride was used to induce Sprague-Dawley rat venous thrombosis according to a previous study (25) . Rats with venous thrombosis were divided into two groups and received treatment with edoxaban (10 mg/kg) or the same dose of PBS. The treatments were continued for 60 days and received drugs once a day. On day 60, rats were sacrificed and the venous samples were obtained for further analysis.
CBS and CGL activities. Activities of CBS and CGL were analyzed in microvascular endothelial cells following treatment with edoxaban (10 mg/l) according previous reports (26, 27 ELISA. The plasma concentration levels of hydrogen sulfide (cat no. 0-009160) and homocysteine (cat no. 0-011940) (Jianglai Biotechnology Co., Ltd., Shanghai, China) in patients with venous thrombosis and rat model of venous thrombosis were analyzed by commercialized ELISA kits. The operational procedures were performed by the manufacturer's instructions. The results were analyzed using the ELISA reader system (Bio-Rad Laboratories, Inc.).
Statistical analysis.
All data are presented as mean ± standard error of the mean and was conducted in triplicate. Statistical differences between experimental groups were analyzed by Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression levels of hydrogen sulfide and homocysteine in patients with venous thrombosis and rat model of venous thrombosis.
To investigate the molecular mechanism of hydrogen sulfide and homocysteine in the progression of venous thrombosis, a murine model of venous thrombosis were established and patients with venous thrombosis were recruited to analyze the expression levels of hydrogen sulfide and homocysteine. Plasma concentration levels of hydrogen sulfide were downregulated in patients with venous thrombosis compared to healthy volunteers (Fig. 1A) . Expression levels of homocysteine were higher in patients with venous thrombosis compared to healthy volunteers (Fig. 1B) . Results demonstrated expression levels of hydrogen sulfide and homocysteine ( Fig. 1C and D ) in the rat model of venous thrombosis (MMVH) presented the same downregulation in expression as CBS and CGL (Fig. 1G) . It was observed that CBS and CGL expression levels and activities were markedly downregulated in patients with venous thrombosis (Fig. 1E and F) . Results also demonstrated that CBS and CGL expression levels and activities were also significantly downregulated in a rat model of venous thrombosis ( Fig. 1G and H) . Taken together, these data suggested that hydrogen sulfide and homocysteine are downregulated in patients with venous thrombosis.
Edoxaban regulates hydrogen sulfide and homocysteine levels in vein endothelial cells.
To explore the underlying molecular mechanism of upregulation of hydrogen sulfide and homocysteine, vein endothelial cells were used to analyze the efficacy of edoxaban in vitro. As presented in Fig. 2A and B, edoxaban treatment upregulated hydrogen sulfide and downregulated homocysteine mRNA expression levels may be regulated by methionine metabolism disorder in vein endothelial cells. In addition, transsulfuration enzymes, CBS and CGL levels were upregulated in edoxaban-treated murine microvascular endothelial cells (Fig. 2C-E) . Results demonstrated that CBS and CGL activities were upregulated in rat microvascular endothelial cells, and following treatment with edoxaban ( Fig. 2F and G) . Furthermore, edoxaban enhanced the activity of vein endothelial cells following 48 h treatment (Fig. 2H) . Taken together, these data suggested that edoxaban upregulates hydrogen sulfide and homocysteine expression levels in vein endothelial cells.
Edoxaban regulates the hydrogen sulfide and homocysteine activities through MMP9-induce PI3K/AKT signaling
pathway. MMP-9 expression level and activity and homocysteine-hydrogen sulfide metabolism were increased in murine microvascular endothelial cells following edoxaban incubation. Expression levels of PI3K and AKT were increased in edoxaban-incubated microvascular endothelial cells ( Fig. 3A and B) . Phosphorylation of AKT also was upregulated in microvascular endothelial cells following edoxaban incubation (Fig. 3C ). MMP-9 expression level was also increased in edoxaban-treated microvascular endothelial cells (Fig. 3D ). In addition, the edoxaban induced increase of PI3K, AKT and MMP-9 levels was canceled by the PI3K inhibitor LY294002 (PI3KIR) in microvascular endothelial cells (Fig. 3E-G) . Notably, PI3KIR markedly inhibited hydrogen sulfide and homocysteine activities in microvascular endothelial cells (Fig. 3H) . Taken together, these findings indicated that edoxaban can regulate the hydrogen sulfide and homocysteine activities through the MMP9-induced PI3K/AKT signaling pathway.
The in vivo effects of edoxaban on rat with ferric chloride-induced venous thrombosis.
In a rat glycyrrhizin-induced venous thrombosis model, the authors examined the therapeutic effects of edoxaban determined by changes of venous lesions. It was first demonstrated that edoxaban significantly improved ferric chloride-induced venous thrombosis in rat with venous thrombosis (Fig. 4A) . Plasma concentration levels of hydrogen sulfide and homocysteine were also increased in edoxaban-treated rat with ferric chloride-induced venous thrombosis ( Fig. 4B and C) . Additionally, transsulfuration enzymes, CBS and CGL activities in microvascular endothelial cells were upregulated in experimental mice following edoxaban treatment (Fig. 4D-F) . Furthermore, it was observed that ADP, PAIs, vWF and TH-A2 protein levels were markedly downregulated in microvascular endothelial cells following edoxaban treatment compared to the control (Fig. 4G) . Importantly, apolipoprotein and thrombomodulin levels were decreased in microvascular endothelial cells following edoxaban treatment compared to control (Fig. 4H) . Taken together, these results demonstrated that edoxaban is an efficient anti-thrombosis drug for the treatment of ferric chloride-induced venous thrombosis.
Discussion
Currently, more and more new generations of target-specific oral anticoagulants are being developed to prevent and treat the increasing patients at risk of venous thrombosis (28, 29) . These oral anticoagulants present different functions in the treatment of patients with atrial fibrillation (30) . Like many new generations of target-specific anticoagulants, edoxaban is a fast-acting oral anticoagulant, which has been used to prevent stroke in patients with nonvalvular atrial fibrillation and in treating acute venous thrombosis through selectively inhibiting factor Xa (31). Edoxaban is currently approved in Japan and the USA for the prevention and treatment of venous thromboembolism following major orthopaedic surgery (32) . These data suggested that edoxaban can improve ferric chloride-induced venous thrombosis via regulation of hydrogen sulfide and homocysteine activities through the MMP-9-induced PI3K/AKT signaling pathway.
A previous clinical trial demonstrated that hydrogen sulfide and homocysteine activities serve a crucial role in the progression of stroke and venous thrombosis (33) . Reports have revealed that methionine metabolism disorder could lead to the upregulation of homocysteine in vein endothelial cells in patients with venous thrombosis (34, 35) . The current investigations have exhibited that hydrogen sulfide and homocysteine activities and expression levels are downregulated in patients or animals with venous thrombosis. A previous study indicated that ADP can induce platelet aggregation and further leads to thrombin (36) . Additional studies have explored the antithrombotic therapy targeting for ADP to improve the ischemic disorders (37, 38) . PAIs are another type of pro-thrombosis factor and Lenicek Krleza et al (39) indicated that upregulation of PAIs contribute to deep venous thrombosis with consequent pulmonary embolism in a case report. In addition, Yaroglu Kazanci et al (40) have indicated that PAI concentration levels were increased in patients with cerebral infarction and femoral venous thrombosis. Polymorphisms and mutations in the vWF gene and its plasma levels in patients with deep venous thrombosis have been investigated and presented an upregulation trend in patients with venous thrombosis (41) . Additionally, TH-A2 protein levels also can affect the activation of platelet in venous thrombosis (42) . The results have indicated that Edoxaban can improve expression levels of ADP, PAIs, vWF and TH-A2 protein levels both in vitro and in vivo. Notably, the data suggested that edoxaban regulates these thrombosis factors through the MMP9-inducedPI3K/AKT signaling pathway.
A previous report indicated that the PI3K/AKT signaling pathway serve multiple functions in the progression of disease occurrence (43) . Edoxaban treatment increases PI3K and AKT expression levels in microvascular endothelial cells and rat with ferric chloride-induced venous thrombosis. Although the safety profile of edoxaban has been investigated in previous reports, the edoxaban-mediated PI3K/AKT signaling pathway has not been analyzed in previous studies. Guidetti et al (44) suggested that PI3K/AKT is stimulated by integrin engagement, further inhibiting activation of platelets in thrombus formation and stabilization, which highlights the possibility of venous thrombosis and anti-thrombotic therapeutic strategies. Su et al (45) also indicated that human cathelicidin LL-37 can inhibit the aggregation of platelets and further lead to inhibition of thrombosis via Src/PI3K/Akt signaling. Blood activity of platelets serves a crucial role in hemostasis and formation of thrombosis (46) . In the present analysis, the authors reported that PI3K and AKT expression levels were upregulated by edoxaban through MMP-9 expression. However, inhibition of PI3K by its inhibitor suppresses PI3K and AKT expression levels and inhibits hydrogen sulfide and homocysteine activities in microvascular endothelial cells.
In conclusion, these novel findings revealed interesting insights to explore more efficient preclinical mechanism and therapeutic strategies of venous thrombosis. The results not only provide preclinical and experimental evidences to support the efficacy of edoxaban, but also elaborate the molecular mechanism of edoxaban-mediated changes of hydrogen sulfide and homocysteine through the PI3K/AKT signaling pathway in ferric chloride-induced venous thrombosis. The results indicated that edoxaban can improve the venous lesions by upregulating hydrogen sulfide and homocysteine activities via the MMP-9-mediated PI3K/AKT signaling pathway, suggesting edoxaban may be an efficient anti-thrombosis agent for the treatment of venous thrombosis in the clinic.
